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Effect of Aggregate on Shrinkage of Concrete 
and a Hypothesis Concerning Shrinkage 

By GERALD PICKETTt 

SYNOPSIS 

A theoretical formula is derived for effect of aggregate on shrinkage of con- 
crete during drying. Experiments designed to test the validity of the formula 

tic reported. 

In addition to indicating the validity of the formula, the data give the follow- 
ing indications: (1) First shrinkage is greater than an\ subsequent expan-mu 
or shrinkage resulting from moisture change. (2) At a given aggregate con- 
tent the shrinkage is approximately proportional to water-cement ratio (3) 
Alter hist shrinkage, subsequent volume changes are approximately inde- 
pendent of water-cement ratio. (4) When shrinkages ol specimens of the 
higher water-cement ratio are plotted against the square root of period of 
<lr\ ing, the shapes of the curves for second shrinkag( re appreciably different 
from those for first shrinkage in that they have considerable curvature uear 
the origin. An explanation of these effects is given. 

INTRODUCTION 

A number of years ago, while at the Portland Cement Assn., the author 
arrived al a theoretical formula for effect of aguregate on shrinkage of con- 
crete or mortar during drying. Experiments designed to test the validity of 
the formula gave results that were in fair agreement with the formula. How- 

er. certain factors in the formula which should depend on properties of 
the p te varied with conditions of drying and therefore led to the conclusion 
that the hydrated paste did not always have the same properties. The pur- 

p , this paper is to present the theoretical formula, experimental results 

thai were obtained, and speculations in regard to the paste that resulted from 
i Btudy of the data. 

DERIVATION OF FORMULA 

In deriving the formula, consideration is first given to effect on shrinkage 
of one small, spherical particle of aggregate in a large body of concrete, the 
surrounding concrete considered to he a homogeneous material. This ap- 
proach is similar to that of Guth 1 and Dewey,* who were concerned with 
the effect of fillers on elastic properties. The restraining effect <>f aggregate 

♦Received by the Institute Mar. 17. 19o4. Title No. 52 ifl a part of c ?hted Journal of tiif. American 

Concrete Institute. V. 27, No. 5. Jan. 1956. Proceedings V. 5-' -parate prints are availa bi oO cents each. 
DiicuMion (copies in triplicate) should reach the Institute not later than May 1. 1956. Address 18. McNicnola 
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on shrinkage of concrete was pointed out by Carlson.' On the assumption 
that both the particle and the rest of the body are elastic, an expression is 
derived lor reduction in over-all shrinkage of the body due to the one small 
nonshrinking particle. This provides a formula for the effect of adding each 
subsequent particle if the body including all particles added previously is 
assumed to be homogeneous. This formula is then expressed n, differential 
equation form and an integration made to obtain the final formula. 

It will be expedient to consider that the small, spherical particle is at the 
center of the body of concrete which is also a sphere. If the particle is small 
compared to the shortest distance from it to the concrete surface, no great 
error will be introduced by treating the concrete as spherical with a radius 
equal to that distance. The restraint of the small sphere as the large sphere 
tends to ink will cause the following stresses in the large sphere. 4 



:i 



pa 3 b 3 — r 

Cr = ~ T 3 " b 3 - a* 



(1 



pa 3 b 3 + 2r 3 



(2) 



2 r 3 53 _ a 3 

where <r r = normal si ress in the radial direction 

a t = either oi two normal stresses pei prndicular to the radius 

r = radial coordinate 

a = radius of inner sphere 

b = radius of outer sphere 

p = unit pressure between inner and outer spheres 

Under these conditions of spherical symmetry, radial displacement 5 of any 
point in the outer sphere caused by the restraint of the inner sphere, ana 
referred to the unrestrained position, is 



r 



(3) 



(1 — /z) <*t — M°> 

where E and M are Young's modulus and Poisson's ratio, respectively, for 

the outer sphere. 

FromEq.(l), (2), and (3) 

pa 3 \~l ~ m *> 3 + 2r 3 , 6 3 - r 

e7* 



5 - 2 b 3 - a 3 + M b 3 - a J 



(4) 



Airlrb 



The restraint of the inner sphere has reduced the volume shrinkage of the 
total body by the amount 

= -fe^Z ( l - ^ db * (5) 

r = b E \ 2 )b 3 - a 3 

where AV = 4/3 ira 3 is the volume of the small sphere. 

If the restraint had not been present, the body would have reduced in 
volume by 3SY, where V is its total volume and S is the unit linear shrinkage. 
The reduction in volume shrinkage will therefore be designated as - 3a£1 , or 



- 3 A SV = - 



(6) 



E \ 2 / b 3 - a 3 

Another expression containing the pressure p will be found by considering 
the compressibility of the restraining particle. Reduction in volume of the 
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particle caused by pressure p on it will be equal to the reduced space avail- 
able to it within the larger body, or 



1 - 2 M .>i>± V 

= 35 ^V - 4tt«-5 



*. 



7) 



r = a 



where E g and p g are the elastic constants of the particle and 8 is given by 
Eq. (4). 



Eliminating p between Eq. (6) and (7) and setting b/a = oo gi\ e- 



31 I - M I 



(8) 



I + m + 2i I - 2»,)E/E I 



(9 



>• ting l> <i = co will introduce an error especially for particles close to the 
surface. However, it is believed that this error is not relatively as important 
as other* entering this derivation. 

Lei volume of aggregate per unit volume of mix be g; then the increase in 
g due to the addition of one particle of volume A V to tin; mixture will be 



gV + AV AT 

Afl - ; — — -- - g = (1 - g) 



V + Al * v "' I + Al 



(10) 



From Eq. (8) and (10) 

&<s «ak r + a i 



S 1 - g 

or, m differential form, 



(II ' 



S 1 - 



12) 



The t i tor a is probably a function of y since the elastic constants ot the 
mixture. E and /x, may depend on g. But if a may be considered to be inde- 
pendent of <7, then Kq. (12) integrates to 

8 - So(l - u) a (13) 

where So is the shrinkage that would occur if no aggregate wrere pr< >nt 
I or later use this equation may be written in the form 



. ,s '° . l 

hi = Of log 



S * 1 - § 



14 



TESTS 



To test the validity of the formula. 1 x ^ x llj^-in. prism- were prepared 
with various percentages of aggregate ranging from percent to about 70 

percent by volume. Three different types of aggregate (pulverized silica, 

standard < >t!awa sand, and graded Elgin sand) were used to determine whether 
size and gradation of aggregates would also be an appreciable factor. Two 
nts. a high-early-strength and a normal, and two water-cement ratios 
were used to determine in what way the effect of aggregate might be in- 
fluenced by type of cement and water-cement ratio. 
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TABLE 1— GENERAL OUTLINE OF 
CONDITIONS IN STUDY* 



Later it was decided to investigate 
reversibility of volume changes of the- 
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05 at 50 percent relative humidity for at 
035 least 224 days and each period of wet- 
ting was si day-. This work was be- 
guo in January, L942, and continued 

for about 2 year-. 

Table 1 gives the general outline of 
conditions covered in the study. 
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Other ideas suggested by 
the data 

In addition to indicating 
the validity of the formula 
for the effect of assresate 



on shrinkage, the data give 
the following indications: 
(1) Fir>t shrinkage is 

greater than any subse- 
quent expansion or shrink- 
age. (2) At a given aggre- 
gate content first shrink- 
age is approximately pro- 
portional to water-cement 
ratio. (3) After first 
shrinkage, subsequent vol- 
ume changes are approxi- 
mately independent of 
water-cement ratio. (4) 
When shrinkage of speci- 
mens of the higher water- 
cement ratio is plotted 

against the square root of 
period <>i drying, the shape- 
of the curves for second 
shrinkage are appreciably 
different from those for 
first shrinkage in that they 
have considerable curva- 



ture near the origin. 

In general these four 

indications were either not 

xpected or not expected 

to the degree indicated by 

Fig. I and 2. Some of the 

change in behavior might 

have been due to carbo- 
nation during the first dry- 
ing period, but the major 
change is believed due to 
other causes, as will be 
discussed below. 
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Fig. 1 — Shrinkage during drying and expansion 
during wetting for pulverized silica, Ottawa sand, 
and Elgin sand using high-early-strength cement 

and W C = 0.50 
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Fig. 2 — Shrinkage during drying and expansion 
during wetting for pulverized silica, Ottawa sand, 
and Elgin sand using high-early-strength cement 

and W C = 0.35 



HYPOTHESIS ON GEL 
STRUCTURE 

As a basis for an expla- 
nation it is proposed (1) 
that during first shrinkage 
some adjacent particles of 
the cement gel move closer 
together, whereas others 
move farther apart, and 
(2) that, in general parti- 
cles that have once made 
close contact will not re- 
turn to their original rela- 
tive positions with sub- 
sequent wetting. 

No definite picture of 
gel structure before fir 
shrinkage is required for 
this analysis except that 
the gel be slightly altered 
by the first shrinkage. As 
water is removed, inter- 
particle forces will change, 
necessitating relative 
movements between parti- 
cles for equilibrium of indi- 
vidual particles, [f thes< 

relative movements for 

each pair of particles are 
not in proportion to the 

original distances between 

their centers, the arrange- 
ment will be ni idered to 
have changed. 



If only discrete colloidal 

were present, 

of hydra ted 

cement might be mor- 
nearly like that of soil 

and show a shrinkage limn 



particles 

shrinkage 
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TABLE 2 



FREE SHRINKAGE OF SPECIMENS OF VARIOUS PERCENTAGES 

OF AGGREGATE 



Absolute 
volume of 
aggregate 

per 
mix volume 


Shrinkage in imlhunths 
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i.e., down to some limiting shrinkage, it would show a shrinkage in volume 
i-ninparable to the volume of water lost. However, in concrete, restraining 
bodies act from the beginning of drying to reduce shrinkage. 3 The restrain- 
ing bodies are the aggregates, unhydrated cemenl grains, and staUe micro- 
crystalline products of hydration. There would, of course, be some differ- 
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Fig. 3 — Effect of aggregate on shrinkage 
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ence in the intrinsic shrinkage of cement gel and soil because of the bonds 
between p'-l particles. Experiments show that concrete shrinkage instead of 
being about equal to volume of water lost is ordinarily only about 2 to J per- 
cent as much. When shrinkage is not equal to loss of water, .space. will 
form and hydrostatic tension must result, A given ge particle will be under 
tensile for, ,. tending to pull it toward adjacent particles These forces may 
be intense, as is shown below by the relation between hydrostatic tension 
and relative humidity. Under the conditions for which Kelvin s equation 
for the curvature of a meniscus in equilibrium with its vapor applies, the 
intensity ot hydrostatic tension of water at room temperature is given by 

r = - 19,600 log, h 
where T = hydro 'tic tension in psi 

h = relative humidity 

For example, if h = 0.98, T = 392 psi and if h = 0.50, T = 13,600 psi. 
Kelvin's equation probably is not applicable when radius of curvature is 
onlv a few molecular diameters. 

Under the action of forces of hydrostatic origin some adjacent particles 
will U pulled or pushed closer together while other adjacent particles will be 
pull, farther apart. As two adjacent particles are brought closer together, 
large compressive forces at the points of closest approach will naturally 
arise from inter molecular repulsion. These compressive forces should in- 
crease with increase in nearby tensile forces so that the particle, remain m 

equilibrium. As a result of high contact pressures, the particles will 
probablv develop chemical or surface bonds which will tend to prevent future 
separation of particles, even after hydrostatic tension has been decreased by 
increase in water content. 

The above considerations lead to the conclusion that the first shrinkage al- 
tei s gel structui so as to change size distribution of spaces between partial 
Larger sp es will become larger and smaller ones will become smaller De- 
nse in general those particles that were closest to each other are brought 
even Los< r together and those particles that were separated by larger spaces 
are p lied farther apart. In this analysis it is not necessary to decide whether 
the spaces under consideration are the capillary spaces or the much smaller 
gel pores or both. If the spaces are capillary spaces, then the word ''particle" 
refers to the capillary walls rather than to individual gel particle,. 

Application of the hypothesis to test results 

The first shrinkage is greater than any subsequent expansion or shrinkage 
(indi. tion 1. p. 585) because the arrangement of gel particles and groups oi 
gel particles is changed during first shrinkage. At a given aggregate content 
the extent of first shrinkage should increase with increase in water-eemen 
rati«» indication 2. p. 585). The original spacing of cement grains depend 
on the water-cement ratio and therefore th< iverage spacing of the gel ir- 
ticles in their first arrangement should al,o depend on water-cement ratio. 
Mon motion during first shrinkage is possible with greater spacing. 
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After the first shrinkage subsequent volume changes are approximately in- 
dependent of water-cement ratio (indication 3, p. 585) because after once 
having been dried the spacing between adjacent gel particles should be more 
a function of humidity and of the corresponding degree of drying than of origi- 
nal spacing. The gels from mixes of higher water-cement ratio will have a 
more open structure between agglomerations of particles but not necessarily 
any greater capacity for changes in volume. This last statement is in accord 
with the conception of gel structure given by Powers. On the basis of various 
experiments he concludes that the gel substance has a characteristic spacing 
of the gel particles. 56 - 7 

The difference in shape of the curves for first and subsequent shrinkages 
(indication 4, p. 585) is attributed to both the change in distribution of cap- 
illary sizes and to the fact that stabilization takes place during first shrink- 
age but does not occur appreciably during subsequent shrinkages. In any 
given region in the specimen most of the water in the larger capillaries must 
be lost before appreciable hydrostatic tension can be developed. During 
the first shrinkage, before gel structure has become stabilized, appreciable 
shrinkage can take place with little hydrostatic tension. But after the gel 
lias become stabilized, larger interparticle forces are required to produce 
comparable shrinkages. The pastes of lower water-cement ratio do not have 
many large capillaries and therefore, in drying, soon reach the linear portion 
of the shrinkage versus square-root-of-time relation even though the gel 
has been stabilized. Moreover, the gels in pastes of low water-cement ratio 
undergo relatively little structural change during first shrinkage because of the 
original close particle spacing. 

From the above picture it would appear that all volume changes after the 
first shrinkage should be fairly reversible; however, shrinkage stress- result- 
ing from nonuniform drying or wetting and chemical changes will no doubt 
cause some change in the structure and therefore prevent complete reversi- 
bility. 

Explanation of plastic properties of hardened concrete 

As noted by many investigator concrete has the capacity for a com- 
paratively large amount of creep and the apparent rate of creep for a given 
stress is relatively large if loads are applied during drying. Although an 
attempt was made in an earlier paper 8 to show that at least a part ot this 
effect was a natural consequeme of nonuniform shrinkage and a nonlinear 
stre,s-creep relationship, no satisfactory explanation has been given for the 
large capacity for creep without failure in tension (cracking) that concrete 
has while drying as compared to its smaller capacity for creep before or after 

drying. 

By assuming that gel particles change their relative positions, some making 
closer contacts and others separating during drying, we can understand 
the large capacitv for creep which concrete has while drying. The picture 
is that each small community of particles will undergo considerable distor- 
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tional deformation. However, because these deformations are miscellaneously 
orientated, a region consisting of many such small communities will ap- 
parently have no distortion. But if a small stre in a given direction is 
added, the region will have a resultant distortion which could be of con- 
siderable magnitude if high interparticle stresses are also present. After the 
gel particles have acquired stable positions, the rate of creep will be much 
less for a given stress and the capacity for creep will be materially reduced, 
for the action just described cannot take place. 
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